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reference frames always physical systems 


ll II I II ll III ll II111 ll III ll II ll I ll 


spacetime 


Universality of QT => RF subject to QM itself 
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How to make sense of general covariance when frames are quantum? 
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Strategy 


shift focus from passive to active diffeos 


get away from coordinate description, focus on dynamical DoFs 


better for QG, were coordinates a priori absent 


key: symmetries 


redundancy 



Plan 


1. Illustration in relational N-body problem 

2. Trinity of relational quantum dynamics 

3. Changing quantum clocks 


4. Conclusions 
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require invariance under 


1. translations 

2. rotations 




P = & = 0 

i 

R = qi X Pi = 0 


redundancy in description 
also of physical info 


physical/gauge-inv. info: 
rel. distances & orientation 
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Reference system DoFs = redundant DoFs 





avoid self-reference 


idea: 

redundant description 
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only B,C,D,... DoFs dynamical 




perspective-neutral description 



P = & = 0 

i 

R = qi X Pi = 0 


remove redundancy, 
gauge-fix to reference perspective A: 

Qa = 0, q% = q y B =0 = q^ 


global description of physics prior to having chosen a reference frame/system 
from whose perspective to describe remaining DoFs 







system = gauge transf. 




idea: 

redundant description 





perspective-neutral description* 



p = Pi = 0 

i 

R = y j q i xp i = 0 


B’s perspective, related to A’s 
perspective by gauge transf 


global description of physics prior to having chosen a reference frame/system 
from whose perspective to describe remaining DoFs 





Classical change of 



frame perspective 
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F-perspective (reduced phase space) 


A-perspective (reduced phase space) 






















Perspective-neutral quantum theory 


Dirac quantization: 

quantize all DoFs on 74m = L 2 (R 3N ) 


solve quantum contraints 
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Operational consequences: QRF dependence 

of correlations and superpositions 
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Application: 
Quantum Clocks 



The trinity of relational quantum dynamics 
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Dirac quantization: 
relational observables 
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Quantum symmetry reduction 
-> quantum deparametrization 

relational Schrodinger picture 



relational Heisenberg picture 






Hamiltonian constraints and time functions 


diffeo & reparametrization inv. lead to Hamiltonian constraints 

Ch ({phase space variables}) ~ 0 
=> generator of dynamics and symmetry 


Example: relativistic particle 


f 7 dx a dxJ 3 

Sie '■ part - = m I dt \ nr nr 

Ch = n a 13 Pa Pf3 + m 2 « 0 


Legendre trans. yields 









Hamiltonian constraints and time functions 


• diffeo & reparametrization inv. lead to Hamiltonian constraints 


Ch ({phase space variables}) ~ 0 


=r> generator of dynamics and symmetry 


• Redundancy 

• Not a phase space 


gauge orbits 
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Restrict here to: 


diffeo & reparametrization inv. lead to Hamiltonian constraints 


Ch ({phase space variables}) ~ 0 


=r> generator of dynamics and symmetry 


C H = H c + H s 



clock 



system 


choose dynamical ‘clock’ T that parametrizes flow 
and evolve other DoFs w.r.t. it 



[Rovelli; Dittrich,...] 


clock-neutral 
constraint surface 






Relational Dirac observables 


under our restrictions: 



value of f when T = r 


gauge-inv. {Ch , Ff s , t(t)} ~ 0 


Rovelli: “evolving constants of motion” 


Rovelli ‘90s, Dittrich ’00s 


gauge orbits 



gauge-inv. evol. rel. to T 

“scanning with T=const surfaces through 

constraint surface" 
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Problem of time: 

No more time coordinate, time has to be extracted from quantum DoFs 


=> relational quantum dynamics 

[DeWitt; Isham; Page & Wootters, Rovelli,...] 


usually: ‘timeless’ state 
better: clock-neutral state 
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‘clock-neutral’ states 

A A A 

CH l^phys) (H C “k l^phys) = 0 

want to quantize relational observables 

Ffs,T(r) = Yl {T ~J r { H sJs}n 

/ L • 

n —0 

=> need quantization of T n 


covariant clock POVMs 
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_ „—it He 


|t> : = e 

dynamics via rel. observables 


I to) on clock Hilbert space He 
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range(T) 
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I: Quantum relational Dirac observables 


clock-neutral’ states 


A A A 

CH l^phys) (H C “p l^phys) = 0 


choice of clock, covariant clock states 


_ „—it He 


k> : = e 

dynamics via rel. observables 


I to) on clock Hilbert space He 


PH, Smith, Lock 1912.00033 


co 


An 


Ff,r(r) := 


range(T) 


dt 1 1) (t\®^2 —] ( r _ Hs, fs 

Z — y n! i 


n =0 


J n 


range(T) 


dte~ idnt (\t)(t\ ®f s ) e idnt . 


‘G-twirl’ 


inner product on ’Hphys 


(^phys | Ff s ,T {t) | '0phys)phys 


gauge-inv. evolution: let T run in 








The trinity of relational quantum dynamics 


PH, Smith, Lock 1912.00033 

time-neutral picture 

Dirac quantization: 
relational observables 







II: Page-Wootters formalism 


Page, Wootters ‘83 


‘clock-neutral’ states 


A A A 

CH l^phys) (H C Hs) l^phys) = 0 


• conditional state of system when clock reads T 


feW) := ({r\ ® Is) l^phys) 


• solves relational Schrodinger eq. 

i -y- I iPs{t)) = Hs | ips(r)) 
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II: Page-Wootters formalism 


Page, Wootters ‘83 


‘clock-neutral’ states 


A A A 

CH l^phys) (H C “p I^phys) = 0 


conditional state of system when clock reads T 

feW) := ((t| 0 Is) l^phys) 


solves relational Schrodinger eq. 

d 


i ~r \^s{r)) = H s I^s(r)> 

CLT 


A 

evaluate system observables fs on evolv. states, e.g. inner product on 'Hkin 


(^s(t)I fs | i>s(r)) = (^phys|(|r>(r| 0 f S ) |^phys)kin 






Kuchar’s 3 criticisms of PW formalism 


Kuchar1992 


1. violation of constraint 


inner product on 


(^s(r)\ fs |XsO)> = (^physKkX^I 0 fs) I^phys>kin 
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Does not commute with Ch 

throws l^phys) out of riphys 
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(conditioning relative to Xq ) 
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3. wrong probability distributions for Klein-Gordon systems 

(conditioning relative to Xq ) 


effectively ended research on PW formalism for a while 
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PW ‘gauge-fixed’ version of Rovelli 
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3. right probability distributions for Klein-Gordon systems 

conditioning relative to covariant clock POVM 
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Dynamics I: 
Clock-neutral picture 

Specified by relational 
Dirac observables 




Dynamics II: 
Relational 
Schrodinger picture 

Page-Wootters 
formalism 


U s (t) 


Ul(r) 


Dynamics III: 
Relational 
Heisenberg picture 

Quantum symmetry 
reduction 
















Changing quantum 

clocks 


Bojowald, PH, Tsobanjan, CQG 28, 035006 (2011) 
Bojowald, PH, Tsobanjan, PRD 83,125023 (2011) 
PH, Kubalova, Tsobanjan, PRD 86, 065014 (2012) 


PH, Vanrietvelde 1810.04153 
PH 1811.00611 

PH, Smith, Lock 1912.00033 + to appear 


Multiple choice problem 


• many possible choices for relational clocks inequivalent quantum dynamics 


e.g., 2 clocks variables Ti,T 2 

Ti(T 2 ) vs T 2 (Ti) 

What if Ti , T 2 operators? 


e.g. Ti = a,T 2 = <p 
in quantum cosmology 


Kuchar (1992): 

“The multiple choice problem is one of an embarrassment of riches: out of many 
inequivalent options, one does not know which one to select. ” 


Isham (1993): 

“Can these different quantum theories be seen to be part of an overall scheme that is covariant?... 
It seems most unlikely that a single Hilbert space can be used for all possible 

choices of an internal time function. ” 




Scheme: switching quantum clocks 


PH, Vanrietvelde, arxiv:1810.04153 

PH, arXiv:1811.00611 

PH, Smith, Lock 1912.00033 + to appear 
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relational Schrodinger/ 

Heisenberg picture 


Heisenberg picture 


C H = Hi + H 2 + H s 


clock 1 


clock 2 


encompasses various classes of non-relativistic and 
both special and general relativistic models 
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Inver 


Always describe same dynamics, but 

relative to different clocks 



evolution in T\ 

relational Schrodinger/ 
Heisenberg picture 


STy^,T 2 


¥ t 2 (t 2 ) O < p t * 


► 


evolution in T2 

relational Schrodinger/ 
Heisenberg picture 


C H = Hi + H 2 + H s 


clock 1 


clock 2 


can show: 

observables and states transform correctly 










Temporal non-locality 


PH, Smith, Lock 1912.00033 
Castro-Ruiz et al 1908.10165 


Temporal frame change 



BS from the perspective of A 



AS from the perspective of B 


Temporal frame change Ap^ B 



BS from the perspective of A AS from the perspective of B 


superposition of time evolutions 



























Multiple choice problem 


• many possible choices for relational clocks inequivalent quantum dynamics 


e.g., 2 clocks variables Ti,T 2 

Ti(T 2 ) vs T 2 (Ti) 

What if Ti , T 2 operators? 


e.g. Ti = a,T 2 = <p 
in quantum cosmology 


Kuchar (1992): 

“The multiple choice problem is one of an embarrassment of riches: out of many 
inequivalent options, one does not know which one to select. ” 


Isham (1993): 

“Can these different quantum theories be seen to be part of an overall scheme that is covariant?... 
It seems most unlikely that a single Hilbert space can be used for all possible 

choices of an internal time function. ” 
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Conclusions 



H a 

| Hb 


Ta-^B = IPb ° V A \ 

description of physics relative 

^ 1 description of phvsics relative 

to the perspective of quantum 

i to the perspective of quantum 

reference system A 

1 reference system B 

(reduced Hilbert space) 

i (reduced Hilbert space) 


systematic changes of quantum 
reference system perspectives 


• key: quantum reduction method 

• both spatial and temporal 


• structure for exploring quantum version of general covariance 

* new perspective on problem of time 

(i) trinity: 3 faces of same rel. quantum dynamics 

(ii) multiple choice feature rather than problem 









Outlook 
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^ 1 description of phvsics relative 

to the perspective of quantum 

i to the perspective of quantum 

reference system A 

1 reference system B 
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i 
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Systematic method for switching 
(spatial and temporal) 
quantum reference system perspectives 


Vanrietvelde, PH, Giacomini, Castro-Ruiz 1809.00556 
Vanrietvelde, PH, Giacomini 1809.05093 
PH, Vanrietvelde 1810.04153 
PH 1811.00611 

PH, Smith, Lock 1912.00033 + to appear 


applications/extensions: 


• QFT 

• Measurement problem and Wigner’s friend paradox 

• Frame dependence of correlations in cosmology 

• Import QRF machinery from Ql into QG 

• New method for constructing quantum rel. Dirac obs. 
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Example: parametrized particle 


reparametrization invariant 




relational Dirac observable 


Legendre tr. 


C H =Pt + ^~= 0 

2m 

Hamiltonian constraint 


T(X) = t(s ) \q( s )=X =to + 


X^qp 

2 p 


generates dynamics and symmetry 


time-of-arrival 


















Example: parametrized particle 


Getting rid of redundancy through gauge-fixing 


clock 

relational Dirac observable 

t 

Q(t) = q{s ) \t(s)=T = 2 p(r - t Q ) + q 0 

q 

T(X) = t(s) |, w=x = t 0 l 










Example: parametrized particle 


Getting rid of redundancy through gauge-fixing 

Ch=p ‘ + L = ^(p + v^Xp-^ 


relational Dirac observable 

reduced observable 

Q(t) = q{s ) \t(s)=T = 2 p(r - t Q ) + q 0 

Qred (t) = 2 pT + q 

T(X) = <(») |, (s) .. v = to + 

T±(X) = f -F X 

2 V~Pt 


gauge fixing 

(*o = 0) 


(qo — o) 
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gauge fixing 
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Example: parametrized particle 


Getting rid of redundancy through gauge-fixing 

■ 2 l 


Ch = Pt + 


p- 


2 m 2 m 


(P+ V~Pt)(p ~ V~Pt) 


clock 

relational Dirac observable 

t 

Q(t) = q{s ) \t(s)=T = 2 p(r - t Q ) + q 0 

q 

T(X) = t(s) |, w= x = *0 + 


reduced observable 


evolution w.r.t t 


Ored (t) = 2 pT + q 


T ± (X)=tT 


X 


evolution w.r.t q 


2V~Pt 




















Summary of steps for parametrized particle 


PH, Vanrietvelde, arxiv:1810.04153 


original phase space R 4 



affine reduced 


quantization 


u 


+ 


U- 


(g=o|0(- 



q 


(q=0\6(p)(—p t ) 4 


ft\q 



5(Ch) 


qj 1 ' ^ y_ 

'kphys 


To 


^phys 


Tt 


v, 


q\t 


canonical reduced 


rL phys 


quantization 


■> n 


q\t 


t<*=0| 











Quantum clock switch 
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% 


t 


clock-neutral 


^phys 


r„ 


yq(t) 

'kphys 

|Pt=0)t 

Kqit) 


evolution w.r.t. t 


n 


<(<?) 

phys 


2 V / 7 fq( 


St^ q ± 




where T q :=T q + + T q - T q ± := exp q (V-p* • 


T t := exp(itp 2 /2m) = exp (itH) 


S t ^ q ± = V2 Pq^t 0 (tp) V\p 


clock swap 


=0|6>(=Fp)(-p t ) 4 


evolution w.r.t. q 


e)) 0 {TP) 
















Quantum clock switch 
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I pt 


evolution w.r.t. t 





clock-neutral 




<(<?) 

phys 




2 q (<?=01 o (=Fp) ( -p t ) 


1 

4 


^ ^zbt(g) 


evolution w.r.t. q 


observables transform correctly 

TtQ(r)T? = Qred{r) 

(PP ' 4 r, fi(x) 77 1 = POO «(-p) + r£(x) «(p) 










Regularization details: time-of-arrival 

Dirac: affine reduced: 

had: (XX /4 Tq f s (x) T- 1 (XiF l/4 = T S + (X) 0(-p) + f s _(X) 0{p ) 


Dirac 

quantization 


T S (X) :=t s + -{(p)J l (X-q) + (X 

h ■= 7} ( tpt ( Pt)J 1 + Pt (Pt)^ 1 1) 

•= I R IPt) P«S-« 2 , 

(p )i |P > ' 1 -Mp.) -i 2 < Pt <o, 


4 ) (p ) 5 


-1 


Affine 

Reduced 

Quantization 
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y-p« 

v-Pt 

( 5 2 


bt)± 

b*}± 


p* < -£ 2 , 

—J 2 < pt < o. 


(V^)* \pt)± := 








Relational dynamics in FRW 


• homogeneous & isotropic universe 

+ r 2 e?Q 2 


• Hamiltonian constraint incl. homog. field 

Ch = pj, — Pa — 4& e 4a + 4 m 2 4> 2 e 6a ~ 0 

a = In a 


ds 2 = — dt 2 + a(/) 


dr 2 


1 — fcr 2 



Open universe : 
looks like a 
horse saddle 




Closed universe : 
looks like the 
surface of a sphere 


k = +1 



nrumiano 

http://nrumiano.free.fr/Ecosmo/ca model.html 


=> time evol. generated is gauge transf. 


4 > = {0, Ch} = 2 pcf, 
a ={ a ,C H } = -2pa 



can go through 0, thus 
not necessarily monotonic 


want to use a or ^ as relational “clock” 












Relational dynamics in FRW 


homogeneous & isotropic universe 


ds 2 = — dt 2 + a(t) 


dr 2 


1 — kr 2 


+ r 2 


Hamiltonian constraint incl. homog. field 


Ch- = p<p — p a ~ 



a = In a 



+ 4m 




o 



k = 0 


Closed universe : 
looks like the 
surface of a sphere 

k = +1 


Open universe : 
looks like a 
horse saddle 


k = -1 



Flat universe 



nrumiano 

http://nrumiano.free.fr/Ecosmo/ca model.html 


time evol. generated is gauge transf, 

0 = {0, Oh} = 2P(f> 
a ={a,C H } = -2p a 



set 

II 

- m = 0 


want to use a or ^ as relational “clock 


n 





both monotonic 













k=0 FRW with massless scalar 


Hamiltonian constraint of Klein-Gordon form PH,arxiv:i8ii.oo6n 

C H = pI - P 2 a ~ 0 

a(t) = - 2 p a t + a 0 

• choose Oi as “clock” and affine evolving $ = </>p^ 

=> $(t) = —Pai'T — a) + $ rel. Dirac observable 

• get rid of redundant a,p a 


p a = ±\p<p\ = ±H 











Positive and negative frequency sectors 


‘backward’ 


‘forward’ 





contracting 


expanding 





Internal time switch in quantum cosmology 



clock-neutral 


^phys 


PH, arXiv: 1811.00611 


qj(j){OL) 

'kphys 


'kphys 




(VWI ) _1 \\Pa=-e)a® 


evolution w.r.t. a 


where 


s 


OL 


+ 


4 >± 


2v / 27T0(0=O| 




evolution w.r.t. <fi 




= e ±ta (\p<p\ e ) 0(^p a ) 


works the same way 













Relational dynamics more generally 


• can get arbitrarily complicated 

Ch = — Pa ~ e 4a + 4m 2 0 2 e 6a ~ 

chaos for massive field 


interacting clocks, 
global problem of time, 
non-unitarity, transient clocks 


see 

Bojowald, PH, Tsobanjan, CQG 28,035006, (2011) 
Bojowald, PH, Tsobanjan, PRD 83,125023 (2011) 
PH, Kubalova, Tsobanjan, PRD 86, 065014 (2012) 
Dittrich, PH, Koslowski, Nelson, PLB 769, 554 (2017) 
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New perspective on “wave function of the 

universe” PH arXiv: 1811.00611 


• no global operational state —> global state perspective neutral 

• only relative operational states 


“Wave function of the universe” as a perspective-neutral state 
Operational interpretation from transformation to specific reduced theory 


PH, Quantum 1,38 (2017) 
PH, JPCS 880, 012014 (2017) 





